Abstract-Group-III nitride-on-phosphide hybrid tandem solar cells were fabricated using surface-activated bonding. The bottom surface of nitride top cells grown on GaN substrates was bonded on the top surface of InGaP-based bottom cells grown on n-GaAs substrates. Their tandem-cell operation was successfully demonstrated by confirming that the open-circuit voltage (VOC) of tandem cells was enhanced. It was also found that the electrical properties of the bonding interface do not induce fatal effects on the performance of the tandem cells.
I. INTRODUCTION
Compound-semiconductor-based tandem (multi junction) solar cells, which have reportedly produced high conversion efficiencies in comparison with other solar cell structures [1] , are promising as practical candidates for next-generation solar cells. Triple junction cells employing InGaP subcells as the top cells have reportedly produced conversion efficiencies > 30% [2] , [3] , [4] .
The strategy for realizing higher efficiencies in the tandem cells is to slice the solar spectrum into a larger number (> 3) of parts and absorb the respective parts by using subcells with optimized bandgaps. Top cells with larger bandgapsbandgaps higher than that for phosphides-are, consequently, likely to be required for proceeding along this scenario. Group-III nitride (InGaN, AlGaN, InAlN)/phosphide subcell stacks are assumed to play an important role in this framework since the bandgap of nitrides is varied between 0.7 (InN) and 6.2 (AlN) eV [5] . Possibility of nitrides as constituent of solar cells has been widely explored [5] , [6] , [7] , [8] , [9] , [10] , [11] . The tandem cells composed of GaN and (111) Si subcells were monolithically fabricated by using RFMBE [7] .
Given that the typical crystal structures of nitride (wurtzite) and phosphide (zincblende) are different from each other, the mechanical-stacking (hybrid) approaches [12] , [13] , [14] must be used for realizing the nitride-on-phosphide subcell stacks. The surface-activated bonding (SAB), in which the native oxide layers formed on surfaces of substrates are removed by Ar beam irradiation prior to bonding [15] , [16] , is one of the promising methods for the hybrid tandem approach. The present authors previously fabricated Si/Si, Si/GaN, and Si/GaAs junctions by using SAB and reported their structural and electrical characteristics [17] , [18] , [19] . The application of SAB to nitride/Si tandem cells shall be reported elsewhere [20] . In this work, we first quantitatively confirm the significance of nitride materials for wide-gap subcells in the context of the current matching condition. We next discuss the fabrication and characterization of SAB-based nitride (InGaN/GaN multi quantum wells (MQWs))/phosphide (InGaP) tandem cells and examine the applicability of the SAB for the tandem approach.
II. RESULTS AND DISCUSSION

A. Optimum bandgaps of top cells
The optimum bandgaps for the respective subcells in case of Si-based bottom cells were estimated with reference to the requirement that the equal number of photons from the solar light are absorbed by each subcell. Figure. 1 shows the relationship between the estimated bandgap of the top cell and the number of subcells N under the air mass 1.5G illumination. Bandgaps of InGaP lattice-matched to GaAs and GaP, which are 1.86 and 2.26 eV, respectively, are also shown in this figure. The bandgap of the top cell is larger than 2.3 eV for N 5, which means that materials with bandgaps larger than those of group-III phosphides are needed in composing tandem cells of such an extremely large number of subcells. The nitride-on-phosphide subcell stacks are, consequently, expected to play an important role in such situation.
B. Sample Preparation
On n-type (0001) GaN substrates with the carrier concentration of ∼ 10 18 cm −3 , we grew 100 nm-thick n-doped GaN buffer layers (∼ 5 × 10 18 cm −3 ), undoped 10 pairs of InGaN/GaN MQWs, and p-doped emitter/contact layers in this sequence. By using Xray-diffraction analyses, the thicknesses of InGaN well layers and GaN barrier layers in MQWs were found to be 3.4 and 5.8 nm, respectively. Furthermore the InN mole fraction of InGaN well layers was estimated to be 0.14. Details of growth and characterization of the layer structure were previously reported [21] . We made nitride cells with emitter and base contacts on the contact layers and the surfaces of the n-GaN buffer layers exposed by mesa etching. The area of the mesa was 1-mm or 2-mm square. By polishing the bottom surfaces of substrates, their averaged roughness was improved from 170 nm (prior to polishing) to 0.33 nm (after polishing) as is shown in Fig. 2(a) . 
C. Cell Characterization
The current-voltage (I − V ) characteristics of the respective cells were measured by using an in-house solar simulator with the condition of air mass (AM) 1.5G and one sun at room temperature. Figure 3 2 . The fill factor is 50% so that the conversion efficiency is 0.17%. In Fig. 3(b) is shown the relationship between V OC of tandem cells and that of nitride top cells measured for several nitride mesas. The difference in V OC ∆V OC was estimated to be 0.92 V by the least-square fitting.
The I − V characteristics of the InGaP single junction cell are shown in Fig. 3(c) . Its J SC , V OC , fill factor, and conversion efficiency are 7.42 mA/cm 2 , 1.35 V, 77.1%, and 7.71%, respectively. These results clearly show that V OC was enhanced by stacking the nitride and InGaP cells in accordance with the expectation whilst the performance of the tandem cells was limited by that of the nitride cells. Figure 4 shows the I − V characteristics measured between the base contacts of nitride cells and InGaP cells with the base contacts of InGaP cells grounded. The entire cell was illuminated during the measurement. It is found that there occurs a photocurrent of 2.12 mA/cm 2 flowing across the nGaAs/p + -GaAs interface at zero bias voltage, which is larger than J SC of tandem cells (≈ 0.2 mA/cm 2 ) by ten times. We find that ∆V OC (0.92 V as is seen from Fig. 3(b) ) is lower than V OC of the InGaP single junction cell (1.35 V). The disagreement is possibly explained by a potential barrier at the 978-1-4799-3299-3/13/$31.00 ©2013 IEEE p-GaAs/n-GaN interface due to the valence band discontinuity between the two materials, which is assumed to be 1.6-1.7 eV in the ideal junctions [22] . The performance of the tandem cells might be deteriorated by the potential barrier. The difference of the photocurrent flowing across the interface (2.12 mA/cm 2 ) from J SC of the InGaP single junction cell (7.42 mA/cm 2 ) can be similarly explained.
In actual tandem cells, there could occur (i) the potential modulation due to the photo excited carriers in InGaP cells and (ii) the formation of the leak path across the bonding interface due to the bonding process [22] . The impact of the potential barrier is reduced in both schemes. The influence of the potential barrier is assumed to be further suppressed, for example, by employing GaN substrates with higher doping concentrations.
Anyhow given that the magnitude of the photocurrent across the bonding interface is larger than J SC of the tandem cells by ten times, it is assumed that the electrical properties of the bonding interfaces do not cause serious effects on the characteristics of the nitride-on-phosphide tandem cells.
III. CONCLUSION
Using the surface-activated bonding in combination with the polishing of the bottom surfaces of GaN substrates, we successfully fabricated nitride/InGaP tandem solar cells. We found that V OC was enhanced by stacking the two cells. We also found that the performance of the tandem cells was not seriously affected by the electrical characteristics of the GaN/GaAs bonding interfaces although a potential barrier was assumed to be formed there. These results suggest that the SAB is promising for fabricating nitride-on-phosphide subcell stacks, which are assumed to play an important role in realizing tandem cells of a larger number of subcells for higher efficiencies.
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